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The  potential  for  valleytronic  operation  has  stimulated  much  interest  in  studying  polarized  emission  from 
transition  metal  dichalcogenides.  In  most  studies,  however,  little  regard  is  given  to  the  character  of  laser 
excitation.  We  measure  the  circularly  polarized  photoluminescence  of  WSe2  monolayers  as  a  function  of 
excitation  energy  for  both  continuous-wave  (cw)  and  pulsed  laser  excitation  sources.  Using  cw  excitation, 
the  temperature  dependence  of  the  depolarization  of  the  trion  follows  the  same  trend  as  that  of  the 
neutral  exciton  and  involves  collisional  broadening.  However,  the  polarization  of  the  trion  is  nearly  twice 
the  polarization  of  the  neutral  exciton  at  low  temperatures.  When  a  pulsed  laser  with  the  same  average 
fluence  is  used  as  the  excitation  source,  the  degrees  of  polarization  become  very  similar,  in  stark  contrast 
to  the  cw  results.  The  difference  in  polarization  behaviors  is  linked  to  the  different  amounts  of  energy  de¬ 
posited  in  the  system  during  these  measurements  for  similar  average  fluences.  At  a  moderate  fluence, 
pulsed  excitation  also  has  the  potential  to  fundamentally  alter  the  emission  characteristics  of  WSe2. 


Introduction 

Transition  metal  dichalcogenides  (TMDs)  such  as  WSe2  and 
M0S2  are  a  class  of  layered  materials  that  can  be  easily  isolated 
to  single  layers  due  to  weak  interlayer  van  der  Waals  bonding. 
As  multilayers,  these  materials  are  indirect  gap  semi¬ 
conductors.  Single  layers,  however,  because  of  their  reduced 
dimensionality  become  direct-gap  with  a  range  of  bandgaps  in 
the  visible  region.  Furthermore,  because  of  large  effective 
masses  and  reduced  dielectric  screening  in  these  2D  systems, 
electrons  and  holes  form  strongly  bound  excitons  due  to  the 
Coulomb  interaction.  Exciton  binding  energies  on  the  order  of 
0.5  eV  are  predicted^“^  and  have  been  recently  confirmed 
experimentally. This  leads  to  optical  band  gaps  considerably 
lower  in  energy  than  the  electronic  band  gaps.  These  and 
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WSe2  sample,  differential  reflectivity,  power  dependence  spectra,  an  alternate 
fitting  scheme,  raw  helicity  analyzed  photoluminescence  spectra  and  summary 
of  peak  intensities,  and  derivation  of  polarization  based  on  rate  equations.  See 
DOI:  10.1039/c7nr05019d 


myriad  other  novel  properties  make  TMDs  suitable  for  appli¬ 
cations  in  optoelectronics,^”^  nonlinear  optics, and 
sensors. 

As  in  graphene,  the  hexagonal  lattice  of  TMDs  leads  to  non¬ 
equivalent  A:-points  in  the  Brillouin  zone.  Furthermore,  their 
broken  inversion  symmetry  results  in  valley-contrasted  optical 
selection  rules  for  interband  transitions.  Therefore,  the  valley 
populations  at  the  K  and  IC  points  of  the  Brillioun  zone  are 
potential  new  state-variables  of  these  systems. In  contrast  to 
graphene,  there  is  a  large  spin-orbit  interaction  in  TMDs  that 
leads  to  a  unique  coupling  of  carrier  spin  and  /c-space  valley 
physics.  It  is  therefore  possible  to  explore  intervalley  scattering 
by  taking  advantage  of  the  spin-valley  coupling. In  prac¬ 
tice,  this  can  be  done  by  independently  populating  and  investi¬ 
gating  the  spin  states  in  different  7^-valleys  using  circularly 
polarized  light. 

When  a  direct-gap  TMD  is  excited  with  light  of  sufficient 
energy,  electrons  from  the  valence  band  are  promoted  to  the 
conduction  band  and  the  resulting  electron-hole  pairs  can 
form  coulombic  quasi-particles  referred  to  as  excitons.  If  the 
material  is  doped,  the  exciton  can  bind  with  an  electron  or  a 
hole  to  form  a  charged  exciton  (trion).  The  radiative  decay  of 
these  quasi-particles  results  in  photoluminescence  (PL)  at 
energies  characteristic  of  the  material.  By  optically  pumping  a 
TMD  with  circularly  polarized  light  and  analyzing  the  sub¬ 
sequent  PL  for  positive  (<7+)  and  negative  (cr-)  helicity,  it  is 
possible  to  obtain  some  information  on  intervalley  scattering. 
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This  property  has  been  exploited  to  great  effect  in  MoS2^^~^^ 
and  and  to  some  extent  in  MoSe2^^’^^  and  WSe2.^^’^^ 

Various  depolarization  mechanisms  have  been  proposed, 
including  phonon-mediated  intervalley  scattering, 
exciton  scattering  either  directly  or  through  an  intermediate 
/c-point  with  a  spin  flip-flop,^^  exchange  interaction  enabled 
depolarization,^^“^^  and  a  D’yakonov-Perel’  like  mechanism.^^ 
In  this  study,  we  measure  and  compare  the  circularly  polar¬ 
ized  PL  of  WSe2  monolayers  as  a  function  of  excitation  energy 
using  both  continuous-wave  (cw)  lasers  and  pulsed  lasers. 
Both  types  of  excitation  sources  are  used  in  the  literature, 
often  interchangeably.  We  find  that  with  cw  excitation,  the 
polarization  of  the  trion  is  nearly  twice  the  polarization  of  the 
neutral  exciton  at  5  K,  and  the  temperature  dependence  of  the 
polarized  emission  from  the  neutral  exciton  and  the  trion  is 
similar.  In  contrast,  with  pulsed  laser  excitation,  the  degrees  of 
polarization  of  the  neutral  and  charged  excitons  are  nearly 
equal  for  a  similar  average  fluence.  We  attribute  the  difference 
to  processes  that  are  enabled  by  the  large  amount  of  energy  de¬ 
posited  during  the  pulsed  excitation,  specifically  non-radiative 
processes  such  as  Auger  recombination.  We  also  found  that 
the  emission  characteristics  of  WSe2  can  be  fundamentally 
altered  with  pulsed  laser  excitation. 


Experimental  details 

The  WSe2  samples  used  in  this  study  were  mechanically  exfo¬ 
liated  from  bulk  crystals  and  deposited  onto  a  275  nm  Si02 
layer  on  a  Si  substrate,  as  shown  in  the  inset  of  Fig.  la. 
Monolayer  regions  are  typically  5-10  pm  across  and  were 
identified  using  an  optical  microscope  and  confirmed  with 
Raman  spectroscopy  at  room  temperature  and  488  nm  exci¬ 
tation  (see  the  ESI,  Fig.  Slt).^^  The  photoluminescence  data 
were  taken  for  a  backscattering  geometry  using  a  micro-PL 
setup  (spatial  resolution  of  1  pm)  with  a  5 Ox  objective  and 
incorporating  a  continuous-flow  He-cryostat.  The  samples  were 
excited  with  either  cw  solid-state  lasers  of  various  fixed  wave¬ 
lengths  or  a  tunable  pulsed  laser.  The  pulsed  source  was  a  Ti: 
sapphire  pumped,  optical  parametric  amplifier  tunable  from 
1.77  to  2.48  eV  (700-500  nm)  with  a  typical  pulse  width  of  100 
fs,  and  operating  at  a  250  kHz  repetition  rate.  A  scanning 
monochromator  was  used  to  reduce  the  spectral  bandwidth  to 
<5  meV  (1  nm).  The  PL  emission  was  collected,  passed 
through  a  polarization  analyzer  composed  of  a  quarter-wave 
plate  and  a  linear  polarizer,  dispersed  using  a  spectrograph, 
and  detected  using  a  charge  coupled  device  (CCD)  camera. 


Results  and  discussion 

Cw  excitation 

Fig.  la  shows  the  PL  spectra  of  exfoliated  WSe2  for  several  exci¬ 
tation  energies  (Egxc  =  1-89,  1.96,  and  2.33  eV)  measured  at  5  K. 
These  spectra  are  obtained  after  excitation  with  positive  heli- 
city  light  and  were  analyzed  for  positive  (<7+,  solid  red  line)  and 


Fig.  1  (a)  PL  spectra  at  7  =  5  K  analyzed  for  <7+  and  o-  at  3  different 
photo-excitation  energies:  1.89  eV,  1.96  eV,  and  2.33  eV.  Emission  from 
the  neutral  (X°)  and  charged  (Xh  excitons,  as  well  as  a  localized  exciton 
(L),  is  identified.  The  data  are  normalized  and  offset  for  clarity.  Inset: 
Optical  image  of  the  WSe2  single  layer,  (b)  PL  spectra  at  an  excitation 
energy  of  1.96  eV  analyzed  for  (j+  and  a-  at  3  different  temperatures: 
5  K,  50  K,  and  100  K.  Note  the  expected  shift  of  the  features  as  a  func¬ 
tion  of  temperature. 


negative  (rr-,  dotted  blue  line)  helicity.  In  these  PL  spectra, 
there  are  several  spectral  features  including  a  neutral  exciton, 
X®  at  1.75  eV,  a  charged  exciton,  at  1.72  eV,  and  a  prominent 
emission  feature  L  at  1.66  eV.  The  temperature  dependence  of 
the  photoluminescence  taken  with  an  excitation  energy  of  1.96 
eV  is  shown  in  Fig.  lb  for  temperatures  5  K,  50  K  and  100  K. 
These  spectra  are  normalized  to  the  X®  intensity.  While  the  X® 
and  X^  emission  channels  clearly  survive  at  temperatures 
above  100  K,  the  L  feature  is  quickly  quenched.  Similar  to 
other  studies,  we  attribute  this  feature  to  localized  exci¬ 
tons. While  the  focus  of  this  report  will  be  on  the  polar- 
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ization  of  the  two  highest  energy  features,  and  for  refer¬ 
ence  we  include  in  the  ESIt  additional  data  on  this  sample 
including  differential  reflectivity  (Fig.  S2t)  and  power  depen¬ 
dence  spectra  obtained  with  cw  excitation  (Fig.  S3t).  We  note 
that  the  emission  and  absorption  energies  we  measured  are  in 
good  agreement  with  other  theoretical  and  experimental 
characterization  of  WSe2  (ESI  Table  It). 

A  summary  of  the  circularly  polarized  emission  of  A®  and 
as  a  function  of  temperature  is  shown  in  Fig.  2.  The  degree 
of  circular  polarization  of  the  PL  is  defined  as 

^circ  =  (/+-/-)/(/++/-),  (1) 

where  /+  (/_)  is  the  PL  intensity  of  the  <7+  (<7-)  component.  In 
this  figure,  the  symbols  are  data  points  and  the  solid  lines  are 


0  100  200  300 

Temperature  (K) 


Fig.  2  Temperature  dependence  of  the  circular  polarization  of  the  (a) 
neutral  exciton,  X°,  and  (b)  charged  exciton,  Xt  for  different  excitation 
energies.  Symbols  are  data  and  lines  are  fits  described  in  the  text.  Inset: 
Comparison  of  the  circular  polarization  data  for  X°  and  X^  as  a  function 
of  temperature  with  2.33  eV  excitation. 


fits  to  the  data  as  discussed  below.  For  the  neutral  exciton 
(shown  in  Fig.  2a),  the  degree  of  circular  polarization  is 
roughly  constant  up  to  30  K  after  which  it  rapidly  decreases. 
The  low  temperature  behavior  is  consistent  with  reports  based 
on  the  Kerr  rotation  of  WSe2  where  it  was  shown  that  the 
valley  relaxation  time  has  little  temperature  dependence  until 
30  K.  The  trion  (shown  in  Fig.  2b)  has  a  much  higher  initial 
degree  of  polarization  than  the  neutral  exciton,  and  the  polar¬ 
ization  exhibits  a  much  stronger  temperature  dependence. 
Even  for  relatively  high  excitation  energies,  the  depolarization 
of  is  much  more  rapid  with  increasing  temperature  than  that 
ofX®,  as  shown  for  2.33  eV  excitation  in  the  inset  of  Fig.  2b.  For 
both  X®  and  X^,  no  polarization  remains  above  200  K.  From 
these  data,  it  is  clear  that  the  trion  has  nearly  twice  the  degree 
of  circularly  polarized  emission  of  X®  at  5  K.  Other  studies 
report  similar  behavior  in  both  WSe2^^  as  well  as  WS2;^^’^° 
however,  this  observation  has  received  little  attention. 

To  understand  the  temperature  dependent  depolarization 
behavior  observed  with  cw  excitation  we  use  a  rate  equation 
framework.  For  steady-state  conditions  the  circularly  polarized 
emission  of  a  TMD  can  be  expressed  as 

^circ  =  ^ ,  (2) 

1  +  2  — 

where  Zr  is  the  exciton  recombination  time,  Zy  is  the  intervalley 
scattering  time,  and  Pq  is  the  initial  polarization.^^’^^  Based  on 
a  theoretical  treatment  presented  in  the  literature,  we  assume 
that  the  exciton  recombination  has  the  temperature  depen¬ 
dence  Zr  =  This  functional  form  has  also  been  observed 
for  2D  semiconductor  quantum  well  systems.^^’^^  For  interval¬ 
ley  scattering  it  has  been  shown  that,  in  low-doped  samples  at 
elevated  temperatures,  thermal  broadening  is  the  main  mech¬ 
anism  and  valley  relaxation  is  proportional  to  the  inverse  of 
temperature,  Zy  =  When  considering  sufficiently 

doped  samples,  however,  collisional  broadening  becomes 
important  and  Zy  ^  {1  -  Y2T).^^  As  we  will  discuss,  the  latter  of 
these  two  functional  forms  better  fits  our  data. 

On  including  the  appropriate  temperature  dependence,  eqn 
(2)  becomes. 


Po 


1  +  2 


YiT  ’ 

^-r2T 


(3) 


Eqn  (3)  is  used  for  the  fits  shown  in  Fig.  2.  In  these  fits  we 
set  Yi  =  0.004  based  on  the  predictions  of  linewidth  broad¬ 
ening  in  ref.  39.  For  X®  and  X^  we  use  Po(^^)  =  100%  and  Po(^) 
=  50%  based  on  the  fact  that  X^  has  double  the  initial  polariz¬ 
ation  of  X®  (as  discussed  earlier).  Therefore,  the  only  free 
fitting  parameter  is  Yi-  This  functional  form  recreates  the 
general  trends  seen  in  the  temperature  dependence  of  our 
data.  Fits  where  only  thermal  broadening  is  considered  are 
presented  in  the  ESI  (Fig.  S2  and  S3t)  and  are  clearly  insuffi¬ 
cient.  In  our  parameterization,  yi  contains  contributions  from 
many  different  physical  parameters  such  as  lattice  constant, 
exciton  binding  energy,  electronic  band  gap,  and  exciton 
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effective  mass.  Again,  also  implicit  in  the  functional  form  of  Ty 
are  a  doped  sample  and  collisional  broadening.^^  This  is  con¬ 
sistent  with  our  observation  of  the  charged  exciton  in  PL,  as 
well  as  the  prominence  of  the  peak  associated  with  localized 
emission. 

Pulsed  excitation 

Excitation  with  a  pulsed  laser  results  in  remarkably  different 
photoluminescence  from  that  for  WSe2  and  impacts  sub¬ 
sequent  cw-excited  PL  as  well.  Fig.  3a  shows  a  sequence  of  PL 


1.6  1.7  1.8 

Energy  (eV) 


Fig.  3  (a)  Three  PL  spectra  measured  with  cw  excitation  at  7  =  5  K  and 

a  power  of  40  |iW,  with  no  analysis  of  polarization.  The  top  spectrum 
(green)  is  recorded  before  and  the  middle  spectrum  (red)  is  recorded 
after  the  "conditioning"  of  the  sample  with  a  pulsed  laser.  The  bottom 
spectrum  (black)  is  recorded  after  the  sample  is  warmed  to  300  K  after 
conditioning,  (b)  PL  spectra  using  a  pulsed  photoexcitation  energy  of 
1.977  eV  and  an  average  power  of  40  pW  taken  at  7  =  5  K  analyzed  for 
(7+  and  (7-.  Emission  from  the  neutral  (X°)  and  charged  (X^)  excitons  is 
identified  on  both  panels. 


spectra  taken  with  a  cw  excitation  of  1.96  eV  at  5  K.  For  the 
top  spectrum  (green,  “before”),  the  sample  was  not  exposed 
to  a  pulsed  laser  and  is  similar  to  the  spectra  in  Fig.  1.  After 
acquiring  this  spectrum,  the  sample  was  exposed  to  a  pulsed 
laser  with  an  energy  of  2.1  eV  (590  nm)  and  an  average  power 
of  ^-35  pW  (fluence  '-I  mj  cm“^)  for  -^10  seconds.  Another 
spectrum  was  then  immediately  acquired  under  the  same  cw 
laser  excitation  conditions  and  the  spectrum  was  fundamen¬ 
tally  altered.  This  is  shown  in  the  middle  spectrum  of  Fig.  3a 
(red,  “after”).  Note  that,  all  of  the  spectral  features  collapse  to 
a  single  emission  peak  at  1.689  eV.  This  spectral  condition 
persisted  for  >10  min  at  a  low  temperature.  When  the  sample 
was  warmed  up  to  room  temperature,  in  situ  and  again  cooled 
to  5  K,  the  original  features  were  recovered  using  the  same  cw 
excitation  conditions  (Fig.  3a,  black,  “recovery”).  Similar 
phenomena  were  reported  for  MoS2,^^  MoSe2,^^  and  WS2^^ 
where  the  spectra  underwent  a  fundamental  change  after 
laser  exposure.  In  the  case  of  WS2,  the  PL  spectral  changes 
could  be  affected  by  both  pulsed  and  cw  laser  excitation.^^ 
The  emission  channel  of  the  modified  WSe2  sample  is  of 
indeterminate  origin  but  could  be  due  to  emission  from  an 
exciton  bound  to  an  ionized  impurity. Based  on  Fig.  3a,  it  is 
clear  that  exposing  the  sample  to  a  pulsed  laser  with  even 
moderate  power  will  result  in  strongly  modified  PL. 
Therefore,  care  must  be  taken  when  studying  PL  from  and 
with  a  pulsed  excitation.  Specifically,  sufficiently  low 
power  levels  must  be  employed  to  avoid  conditioning  the 
sample  into  an  indeterminate  state.  Whenever  the  sample  PL 
characteristics  are  modified,  e.g.,  with  too  much  power  from 
the  excitation  source,  however,  they  can  be  recovered  by 
cycling  to  room  temperature  and  back.  Indeed,  we  discover 
the  overall  range  of  powers  in  which  PL  is  accessible  when 
the  pulsed  laser  is  very  small.  To  observe  any  PL  with  the 
pulsed  laser,  the  average  power  required  is  on  the  same  scale 
as  the  lower  end  of  the  cw  power  used  (see  ESI  Fig.  S4t). 
When  the  power  is  increased,  however,  the  pulsed  laser  starts 
modifying  the  emission  character  with  only  small  increases 
in  power.  Although  the  average  power  of  the  pulsed  laser  is 
about  the  same  as  the  cw  laser,  the  instantaneous  energy 
imparted  to  the  system  is  much  larger  with  the  pulsed  laser, 
and  modifications  to  the  system  ensue. 

Regardless  of  the  pulsed  laser  power,  the  qualitative  charac¬ 
ters  of  the  emission  are  significantly  different  between  pulsed 
and  cw  excitation.  Fig.  3b  shows  the  PL  spectra  taken  at  5  K 
with  a  pulsed  excitation  energy  of  1.98  eV,  an  average  power  of 
<20  pW  and  analyzed  for  cr+  and  o-.  As  before,  it  is  possible  to 
resolve  the  and  X^  emission.  But  now  instead  of  a  well- 
resolved,  dominant  L  peak  at  1.66  eV,  there  is  a  broad  back¬ 
ground  at  1.68  eV.  Again,  because  of  the  indeterminate  nature 
of  this  feature,  we  confine  our  discussion  to  the  neutral 
exciton  and  trion.  In  the  ESI,t  we  present  the  helicity  resolved 
spectra  for  all  of  the  excitation  conditions  we  measured. 
Fig.  S4-S6.t  We  note  here  that  the  PL  intensities  of  X^  and  X^ 
under  pulsed  excitation  are  almost  10  times  lower  than  the 
intensity  under  cw  conditions  for  similar  average  beam 
powers.  Fig.  S7.t 
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Polarization  vs.  excitation  energy 

Fig.  4  summarizes  the  circular  polarization  as  a  function  of 
excitation  energy  at  5  K  for  excitation  with  cw  (Fig.  4a)  and 
pulsed  sources  (Fig.  4b).  The  solid  symbols  indicate  X®  emis¬ 
sion  and  the  open  symbols  indicate  emission.  As  the  exci¬ 
tation  energy  is  increased,  the  polarized  emission  generally 
decreases.  This  trend  has  been  seen  in  M0S2  and  MoSe2  and 
can  be  understood  as  an  increase  in  phonon-mediated  inter¬ 
valley  scattering  enabled  by  an  increase  of  excess  energy  in  the 
system  above  the  material  dependent  threshold  necessary  for 
phonon  generation^^’^^’^^  or  by  the  electron-hole  exchange 
interaction.^^’^^ 

The  trion  polarization  using  cw  excitation  falls  in  the  region 
indicated  in  the  yellow  band  in  Fig.  4.  As  shown  in  Fig.  4(a), 
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Fig.  4  A  summary  of  circular  polarization  measured  at  the  trion  (open 
symbols)  and  neutral  exciton  (closed  symbols)  emission  energies  is 
shown  as  a  function  of  excitation  energy  for  (a)  cw  excitation  and  (b) 
pulsed  excitation  at  5  K.  The  yellow  band  is  a  guide  to  the  eye. 


and  previously  noted,  the  trion,  exhibits  twice  the  degree  of 
circularly  polarized  emission  as  that  of  the  neutral  exciton,  X^. 
Unexpectedly,  under  pulsed  excitation.  Fig.  4(b),  both  X®  and 
X^  have  the  same  circularly  polarized  emission  which  falls  in 
the  same  region  as  X^  polarization  under  cw  conditions.  There 
is  some  deviation  from  this  behavior  at  very  low  and  very  high 
excitation  energies,  but  the  factor  of  2  observed  between  the 
polarization  of  X®  and  X^  with  cw  excitation  is  not  apparent  for 
pulsed  excitation. 

Changes  in  polarization  are  usually  a  consequence  of 
changes  in  either  the  valley  relaxation  time  or  the  exciton 
recombination  time,  as  shown  in  eqn  (2).  To  understand  our 
observed  behavior,  we  recast  this  equation  in  terms  of  recom¬ 
bination  rates.  As  described  in  the  ESIt  and  elsewhere,^^  the 
polarization  can  be  described  by 

where  a  is  the  radiative  recombination  rate,  A  is  the  non-radia- 
tive  recombination  rate,  and  /?  is  the  valley  relaxation  rate. 
Under  cw  excitation,  the  density  of  free  carriers  is  low  and  we 
expect  non-radiative  contributions  such  as  Auger  recombina¬ 
tion  to  be  small.  The  valley  relaxation  time  is  longer  for  the 
trion  than  for  the  exciton,  i.  e.  Pxo  >  Thus  for  cw  excitation 
we  expect  Pcirc(^)  <  ^circ(^^)-  Under  pulsed  excitation,  the 
density  of  free  carriers  surrounding  the  excitons  and  trions  is 
higher  which  enhances  non-radiative  Auger  recombination. 
Indeed,  as  discussed  the  measured  PL  intensities  of  both  exci¬ 
tons  and  trions  are  nearly  10  times  lower  with  pulsed  exci¬ 
tation  compared  to  cw  excitation  for  similar  average  powers 
(Fig.  S7t).  With  a  large  non-radiative  recombination  rate  A,  we 
can  then  expect  Pcirc(^)  ^circ(^^5  as  observed. 


Conclusions 

In  this  study,  we  compared  the  measured  circular  polarization 
of  WSe2  monolayers  for  excitation  with  both  cw  and  pulsed 
lasers  with  similar  average  fluences.  Both  excitation  types  are 
commonly  used,  often  interchangeably,  for  studies  of  inter¬ 
valley  scattering  in  TMDs.  For  cw  excitation,  the  temperature 
dependence  of  the  polarization  for  the  neutral  exciton  and 
trion  are  similar;  however  the  initial  polarization  of  the  trion  is 
significantly  larger.  We  demonstrate  that  collisional  broaden¬ 
ing  is  a  primary  mechanism  in  the  valley  scattering  process 
producing  the  depolarization  as  a  function  of  temperature. 
When  pulsed  laser  excitation  is  used  however,  the  polarization 
behaviors  of  the  neutral  and  charged  excitons  become  similar, 
indicating  that  the  pulsed  laser  interacts  with  the  material 
differently.  The  pulsed  laser  also  has  the  potential  to  funda¬ 
mentally  change  the  emission  characteristics  of  WSe2  and 
hence  must  be  used  judiciously.  Understanding  the  polariz¬ 
ation  behavior  of  WSe2  under  various  conditions  is  an 
enabling  step  to  utilizing  the  valleytronic  functionality  of  this 
material. 
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SUPPLEMENTARY  INFORMATION 
Section  1:  Raman  of  WSe2 


Energy  (cm'^) 

Fig.  SI  -  Raman  spectrum  of  WSe2  taken  at  room  temperature  with  an  excitation  of  532 
nm.  The  splitting  of  the  A’l  and  E’  peak  near  252  cm  '  is  consistent  with  a  small  amount 
of  uniaxial  strain  in  the  system.'  For  multilayer  material,  a  B'2g  peak  is  expected  at  309 
cm”',  therefore  an  absence  of  this  peak  is  consistent  with  single  layer  material.^ 
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Section  2:  Differential  Reflectivity/ Absorption 


Energy  (eV) 


Fig.  S2  -  Differential  reflectivity  taken  at  4  K  and  room  temperature.  The  differential 
reflectivity  is  defined  as  the  difference  between  the  reflectivity  measured  with  a  white  light 
source  on  the  sample  and  the  reflectivity  measured  just  off  the  sample  normalized  to  the 
reflectivity  off  the  sample.  Differential  reflectivity  is  proportional  to  absorption  and  the  A- 
exciton  and  B-exciton  absorption  features  can  be  clearly  seen  in  these  spectra.  For  the  A- 
exciton,  both  the  neutral  and  charged  exciton  can  be  resolved  at  4  K. 
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Section  3:  Power  Dependence 


Fig.  S3  -  PL  spectra  of  WSe2  collected  with  cw  excitation  at  4  K  for  various  powers.  The 
left  panel  shows  the  raw  spectra  and  the  right  panel  is  a  summary  of  the  various  peak 
intensities  as  a  function  of  power.  Note  that  we  are  in  the  linear  regime  for  all  cw  excitation. 


Energy  (eV) 


Average  Power  (pW) 


Fig.  S4  -  PL  spectra  of  WSe2  collected  with  pulsed  excitation  at  4  K  for  various  powers. 
The  left  panel  shows  the  raw  spectra  and  the  right  panel  is  a  summary  of  the  various  peak 
intensities  as  a  function  of  power.  Note  the  limited  range  of  powers  where  reproducible  PL 
is  accessible  using  a  pulsed  laser.  Below  an  average  power  of  30  pW,  the  PL  intensity  is 
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difficult  to  observe,  above  about  90  |xW  the  spectra  begin  to  become  permanently  affected 
by  the  pulse. 
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Section  4:  Alternate  fitting  schemes 


Data  and  Fits  -  Neutral  Exciton 


Fig.  S5  -  Temperature  dependence  of  the  circular  polarization  of  the  neutral  exciton,  X**. 
The  symbols  are  the  data  and  the  lines  are  fits.  The  solid  line  is  a  fit  the  model  described 
in  the  main  text  where  collisional  broadening  was  considered  and  the  dashed  line  is  a 
fit  where  simple  thermal  broadening  was  used.^ 

Data  and  Fits  -  Charged  Exciton 


Fig.  S6  -  Temperature  dependence  of  the  circular  polarization  of  the  charged  exciton,  X^. 
The  symbols  are  the  data  and  the  lines  are  fits.  The  solid  line  is  a  fit  the  model  described 
in  the  main  text  where  collisional  broadening  was  considered  and  the  dashed  line  is  a 
fit  where  simple  thermal  broadening  was  used.^ 
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Section  5:  Raw  helicity  analyzed  PL  spectra  and  fits 


Fig.  S7  -  Raw  data  and  fits  of  PL  spectra  taken  with  cw  excitation  at  low  temperature. 


Spectra  on  the  left  are  analyzed  for  ct+  and  spectra  on  the  right  are  a-  All  peaks  are  fit 


in  the  a+  spectra  and  then  only  the  intensity  is  allowed  to  vary  for  the  corresponding 
G-  spectra. 
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Fig.  S8  -  Raw  data  and  fits  of  PL  spectra  taken  with  pulsed  excitation  at  low  temperature. 
Spectra  on  the  left  are  analyzed  for  a+  and  spectra  on  the  right  are  a-.  All  peaks  are  fit 
in  the  a+  spectra  and  then  only  the  intensity  is  allowed  to  vary  for  the  corresponding 
a-  spectra. 
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PL  Intensity  PL  Intensity  PL  Intensity 


Fig.  S9  -  Raw  data  and  fits  of  PL  spectra  taken  with  pulsed  excitation  at  low  temperature. 
Spectra  on  the  left  are  analyzed  for  ct+  and  spectra  on  the  right  are  a-.  All  peaks  are  fit 
in  the  a+  spectra  and  then  only  the  intensity  is  allowed  to  vary  for  the  corresponding 
a-  spectra. 
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Peak  Intensity 


Excitation  Energy  (eV) 


Fig.  SIO  -  Summary  of  peak  intensity  vs.  Excitation  energy  resolved  for  neutral  excitons 
and  trions  using  cw  or  pulsed  excitation.  Peak  intensities  are  derived  from  the  fits  in  figures 


S3-S6. 


Section  6:  Table  1:  WSe2  parameters 


A-exciton 

Reference 

VB  splitting 

CB  splitting 

XO 

XT 

B-Exciton 

This  work 

0.415  eV 

— 

1.745  eV 

1.717  eV 

2.16  eV 

r4]-expmt 

0.425  eV 

— 

1.75  eV 

1.72  eV 

2.17  eV 

[5]-expmt 

— 

— 

1.742  eV 

1.713  eV 

— 

r6]-expmt 

0.410  eV 

— 

1.751  eV 

1.720  eV 

2.16  eV 

[7]-expmt 

— 

— 

1.743  eV 

1.708  eV 

— 

[8]-exp 

0.480  eV 

0.040  eV 

1.73  eV 

1.70  eV 

2.21  eV 

r9]-theory 

0.466  eV 

0.036  eV 

[10]-theory 

0.490  eV 

0.016  eV 
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Section  7:  Rate  equations  and  polarization 


To  compute  the  polarization  under  pulsed  excitation,  we  solve  the  following  rate  equations: 
dN^ 

=  g  -{a  +  P  +  A)Nj^  + 

dN,^. 

=  g'  -{a  +  P  +  A)Nj^.  +  PN,^ 


(51) 

(52) 


Here,  Nk  and  Nk’  are  the  populations  of  excitons  in  the  K  and  K’  valleys,  g  and  g’  are  the 
generation  rates,  a  is  the  radiative  recombination  rate,  A  is  the  non-radiative  recombination 
rate,  and  fp  is  the  spin/valley  relaxation  rate.  We  assume  the  pulse  is  much  shorter  than  any 
other  process  and  g=g’=0.  The  solution  to  these  differential  equations  can  be  written  as 


N  .(t)  =  Ci(e  “  -  e  ■  +  C2(e  ■  +  e  “ 


(53) 

(54) 


with  constants  Ci  and  C2. 
At  time  zero, 

Af^(t  =  0)  =  2C^ 

%(t  =  0)  =  2C2 


(55) 

(56) 


and  the  initial  polarization  is  given  by 

_  Cl  -  C2 

C1  +  C2  (S7) 


Assuming  all  excited  carriers  decay  during  the  time  between  pulses,  the  emission 
intensities  for  each  polarization  are  given  by  the  following  integrals: 


I  ^ /a  = 


J  Nj^(t)dt 


0 


Cl  +  C2 
a  +  A 


■  + 


Cl  C2 
a  +  A  +  2P 


(S8) 
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Cl  +  C2 


C2  Cl 


CO 

f 


I_/a  =  I  Npr,(t)dt  = 


-  +  - 


a  +  A  a  +  A  +  2p 


(S9) 


Thus  the  observed  polarization  is 


=  ■ 


1+-1- 


a  +  A  ^2 


/_!_+/_  (X A 2I3C^ C2  1  +  2^/((i  +  i4) 


(SIO) 
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